Abstract The α-ketoacid-hydroxylamine (KAHA) ligation allows the coupling of unprotected peptide segments. The most widely used variant employs a 5-membered cyclic hydroxylamine that forms a homoserine ester as the primary ligation product. While very effective, monomers that give canonical amino acid residues are in high demand. In order to preserve the stability and reactivity of cyclic hydroxylamines, but form a canonical amino acid residue upon ligation, we sought to prepare cyclic derivatives of serine hydroxylamine. An evaluation of several cyclization strategies led to cyclobutanone ketals as the leading structures. The preparation, stability, and amide-forming ligation of these serine-derived ketals are described.
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The primary product of this reaction is an ester, which rearranges to an amide under basic conditions (Scheme 1). 5 In 2015, we developed a novel oxazetidine acid which gave serine at the ligation site, exclusively as the amide product. 6 Unfortunately, the synthesis of this monomer is rather long and it is not stable in its unprotected form.
In this report, we describe the synthesis of a six-membered cyclic hydroxylamine, which directly yields a native serine residue at the ligation site (Scheme 1). Furthermore, we describe our efforts to incorporate these novel monomers into a peptide segment.
In designing an alternative, serine-forming ligation monomer we sought to identify a larger ring structure that we hoped would be more easily prepared. This consideration led us to consider cyclic variants of L-serine hydroxylamine, including cyclic carbonates, cyclic sulfonates, and cyclic acetals. To begin, L-serine was converted into the corresponding ethyl ester 1. TBS protection of the free alcohol and subsequent treatment with bromoacetonitrile in the presence of a base gave 2.
This was treated with a slightly modified protocol from Fukuyama to give the N-hydroxyl intermediate 3.
7 Initially we envisioned selective Boc-protection of the nitrogen, but this was unsuccessful under various conditions. 8 We instead elected to first protect the free hydroxyl group using TBSCl followed by N-protection with Fmoc-Cl to give 4. Although initial attempts to remove the TBS protecting group 
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using TBAF led mainly to decomposition, treatment of 4 with concentrated HCl gave clean conversion into diol 5 (Scheme 2).
Scheme 2 Synthesis of core structure 5
We explored the formation of the corresponding cyclic boronic esters, silanes, carbonates, sulfites, and phosphoric acid esters; however, we were not able to isolate the corresponding six-membered cyclic hydroxylamines. As an alternative, we considered cyclic acetals, as similar structures have proven to be well suited for KAHA ligation. 9 For use in protein synthesis, however, these acid-labile functional groups would need to survive cleavage from the resin under standard TFA conditions. Prior to in-depth investigations of suitable acetals, we carried out preliminary tests to check that cyclic acetals of 5 could be formed and that Fmoc-removal was feasible. We treated compound 5 with 1,1-dimethoxyethylbenzene in the presence of p-toluenesulfonic acid to give 6 without problem. Removal of the Fmoc group under basic conditions also proceeded smoothly. With this promising result we sought to prepare and evaluate various cyclic acetals.
We initially targeted a methylene acetal, as these are known to be more resistant to acid cleavage than other structures. 10 Unfortunately, all attempts to form the desired compound from 5 with various methylene sources using different catalysts or activation using Brønsted or Lewis acids did not yield the desired product. Despite this setback, we continued to synthesize various acetals and ketals by using either a catalytic amount of p-toluenesulfonic acid for aldehyde-derived compounds, or In(OTf) 3 for the ketone derivatives. Selected acetals and ketals prepared are shown in Table 1 . However, when these compounds were tested for their stability under SPPS conditions [resin cleavage conditions, TFA/DODT/H 2 O (95:2.5:2.5 v/v) for 2 h], only cyclobutanone-derivative 12 showed reasonable stability (Table 1) .
Despite the poor acid stability, we tested these substrates for activity in KAHA ligation. For this purpose, the Fmoc protecting group was removed with piperidine and the monomers were allowed to react with simple α-ketoacid 13 to give amide 14 (Table 2) . Commonly reported KAHA conditions use DMSO/H 2 O at 60 °C, but a HFIP/AcOH mixture showed much better solubility and the reaction was observed to proceed at 45 °C. 11 Therefore all ligation studies were carried out under these conditions. Almost all monomers tested showed good activity in the KAHA ligation. After a period of 12 hours, α-ketoacid 13 was consumed. The benzylic acetals were stable under the acidic ligation conditions, and electron-poor nitrobenzyl acetal 16 gave slightly better conversion compared to bromobenzyl acetal 15. Cyclobutanone-derived acetal 18 was also stable during the ligation conditions and gave good conversion of the α-ketoacid. Only 17 did not perform KAHA ligation under HFIP/AcOH conditions because the deprotected monomer was not stable under the ligation conditions (Table 2) .
This experiment also indicated that open, unsubstituted serine hydroxylamine does not react under these conditions and that the cyclic structure is essential. With these promising results, we sought to remove the ethyl ester in the presence of Fmoc and the acetal, for the purpose of applying this monomer in Fmoc-SPPS. Despite all our efforts, the various conditions only led to total decomposition or returned starting material without removing the Fmoc protecting group.
We instead introduced a benzyl ester at the beginning of the synthesis. All previously developed steps were compatible with the benzyl-protected starting material, and we were able to synthesize the benzyl ester analogue 19. Unfortunately, deprotection of the benzyl ester using Pd/C under a H 2 atmosphere gave mainly decomposition and only traces of product was observed. We were pleased to see that exchanging Pd/C for Pd(OH) 2 allowed a clean reaction.
Free acid 26 was coupled onto a short peptide segment, but proved not to be stable upon resin cleavage. Therefore we prepared and evaluated a number of other ketals from small rings. Although we were not successful in forming the product from oxetan-3-one, other cyclobutanone derivatives proved tractable. Brominated derivative 20 was readily formed and carboxylic esters 21 and 22 could be prepared from the corresponding acid followed by ester formation. The stability of compounds 19-22 was tested on the monomer and on a peptide segment (Table 3) . 
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Pd(OH) 2 under H 2 atmosphere (Scheme 3) and all compounds tolerated the coupling conditions to introduce the monomer onto the N-terminus of a peptide segment. Since OMe ester 21 showed better conversion in the KAHA ligation, we selected this monomer for introduction onto a short peptide sequence. A short peptide segment with three amino acid residues, prepared by standard SPPS conditions on a Rink amide resin, was chosen as a model peptide. After deprotection of the terminal amine, the free acid of monomer 27 was coupled with HATU/NMM conditions to the resin and cleaved with TFA/DODT/H 2 O (95:2.5:2.5 v/v) for 2 hours. TFA was removed at 40 °C under reduced pressure and the product was isolated by preparative HPLC. The Fmoc protecting group was removed with N,N-diethylamine and the KAHA ligation performed directly on the unprotected product without further purification using α-ketoacid 13 in HFIP/AcOH. The free hydroxylamine 31 was observed by LCMS and was completely consumed within 12 hours (Scheme 4).
Scheme 4 Ligation test on a small peptide segment
After this positive result, we expanded to a larger peptide fragment consisting of 50 amino acid residues. Although the Fmoc group could be removed cleanly, with a peak-to-peak conversion by HPLC, the acetal protecting group unfortunately did not survive the two-step procedure of basic Fmoc-removal conditions and acidic purification. The obtained product was 36, the free hydroxylamine of serine at the N-terminus (Scheme 5). The results were the same regardless of the choice of base used to remove the Fmoc protecting group, including basic aqueous solutions. To date, we were not able to overcome this problem and longer peptides containing the cyclic ketal serine hydroxylamines cannot be isolated. A search for a more stable acetal protecting group is currently under investigation.
In conclusion, we devised a synthetic route to new hydroxylamine monomers that yield serine residues upon KAHA ligation. We found that substituted cyclobutane ketals are stable under acidic conditions and are excellent ligation partners. Further investigations are necessary to apply this monomer on larger peptides, however this strategy provides a promising new approach to KAHA ligation that forms canonical amino acid residues at the ligation site.
Fmoc-amino acids with suitable side-chain protecting groups, HATU (1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo [4,5-b] pyridinium 3-oxide hexafluorophosphate) were purchased from Peptides International (Louisville, KY, USA) and ChemImpex (Wood Dale, IL, USA). Solvents for flash chromatography (EtOAc, hexanes, MeOH) were of technical grade and distilled prior to use. HPLC grade MeCN from Sigma-Aldrich was used for analytical and preparative HPLC purification. DMF (>99.8%) from Sigma-Aldrich was directly used without further purification for solid phase peptide synthesis. Other commercially available reagents and solvents were purchased from Sigma-Aldrich (Buchs, Switzerland), Acros Organics (Geel, Belgium), and TCI Europe (Zwijndrecht, Belgium). DODT = 2,2′-(ethylenedioxy)diethanethiol. 1 H and 13 C NMR spectra were recorded on Bruker DRX400, Bruker AVIII400 and Bruker AVIII600 spectrometers. HRMS were recorded by the Mass Service of the Laboratory of Organic Chemistry at ETH Zurich either with a Bruker maXis instrument (ESI-MS measurements) equipped with an ESI source and a Qq-TOF detector or with a Bruker solariX instrument (MALDI-FTICR-MS) using 4-hydroxy--cyanocinnamic acid as matrix. All reactions were performed using standard techniques under an atmosphere of N 2 . Reactions and fractions from flash chromatography were monitored by TLC using aluminum plates (Merck, TLC Silica gel 60 W F 254 s) and visualized by staining with basic KMnO 4 solution or acidic ninhydrin solution. Flash chromatography was performed on Silicycle SiO 2 Type F60 (230-400 mesh) using a forced flow of air at 0.5-1.0 bar. Unless otherwise stated, peptides and protein segments were analyzed and purified by RP-HPLC on Jasco analytical and preparative instruments equipped with dual pumps, mixer and in-line degasser, a variable wavelength UV detector (simultaneous monitoring of the eluent at 220 nm, 254 nm, and 301 nm) and a Rheodyne injector fitted with a 20 or 1000 L injection loop. If required, the columns were heated using a column heater or a water bath (preparative HPLC). The mobile phase for RP-HPLC was Milipore-H 2 
Benzyl N-(tert-Butyldimethylsiloxy)-O-(tert-butyldimethylsilyl)-N-[(9H-fluoren-9-ylmethoxy)carbonyl]-L-serinate (benzyl-4)
IR (neat)
:
Ketal Formation with In(OTf) 3 ; General Procedure
In(OTf) 3 (0.30 equiv) was added to a solution of 5 (1.00 equiv) and ketone (5.00 equiv) in CH 2 Cl 2 (0.15 M) at 0 °C. The reaction was allowed to warm up to r.t. and was stirred overnight. The solution was diluted with CH 2 Cl 2 and 10% citric acid solution was added. The phases were separated and the aqueous layer was extracted with CH 2 Cl 2 (2 ×). The combined organic layers were washed with sat. aq NaHCO 3 solution and brine and dried (Na 2 SO 4 ). The drying agent was removed by filtration and the solvent was evaporated. The residue was purified by flash chromatography. (2 ) Dimethyl acetal (2.00 equiv) and p-toluenesulfonic acid monohydrate (0.10 equiv) were added to 5 (1.00 equiv) in DMF (0.05 M). The solution was stirred at 50 °C under vacuum for 4 h. The resulting dark brown viscous gel was diluted with CH 2 Cl 2 and sat. aq NaHCO 3 solution was added to the solution. The aqueous layer was extracted with CH 2 Cl 2 (2 ×). The combined organic layers were washed with brine and dried (MgSO 4 ). The drying agent was removed by filtration and the solvent was evaporated. The residue was purified by flash chromatography. 
3-Ethyl 2-(9H-Fluoren-9-ylmethyl) (3S)-6-Methyl
3-Ethyl 2-(9H-
Fmoc Deprotection of Acid-Protected Monomer; General Procedure
Piperidine (5.00 equiv) was added dropwise to Fmoc-protected monomer (1.00 equiv) in CH 2 Cl 2 (0.025 M). The reaction was stirred for 1 h at r.t. The solution was diluted with CH 2 Cl 2 and sat. aq NH 4 Cl solution was added. The phases were separated and the aqueous layer was extracted with CH 2 Cl 2 (2 ×). The combined organic layers were
